Cranial cruciate ligament (CCL) rupture is a common pathology occurring frequently in large breeds dogs, although it can be observed in small breeds dogs as well \[[@r1], [@r26]\].

Rarely an acute trauma is the first cause of CCL rupture; a progressive degeneration of the ligament with subsequent loss of mechanical properties occurs more often, and the rupture may be observed without evidence of trauma \[[@r1], [@r6], [@r9], [@r26]\]. In addition, there are also some anatomical factors that contribute to the CCL rupture: an excessive tibial plateau angle and a small tibial tuberosity may contribute to create an over load along the axis of the ligament during gait \[[@r6], [@r19], [@r30]\].

The effect of this pathology is a stifle instability, hesitating in a chronic inflammation of the joint and the subsequent development of secondary arthrosis \[[@r1], [@r26]\]. Instability and pain cause reduction in the limb function, lameness, and muscle atrophy \[[@r1], [@r26]\]. Medial meniscal injury is associated with abnormal joint movements following the CCL rupture: the frequency of this problem is low in dogs with partial tears of CCL and increases up to 80% in chronic cases \[[@r26]\].

Numerous surgical procedures have been proposed to restore the joint stability and minimize the secondary degenerative joint disease, although the scientific community has not yet identified a fully effective method. These techniques may be divided into intra-articulars, extra-articulars, and bone osteotomies.

Intra-articular techniques tend to restore the joint stability through the reconstruction of the CCL with autogenous grafts, allografts, xenografts, or synthetic prosthesis; the interest about the intra-articular techniques has progressively decreased, because of the greater complexity during surgery and the frequency of complications in the post-operative period, including delay in ligamentization and the loss of mechanical properties of the graft \[[@r4], [@r10], [@r11], [@r13], [@r26]\]. A study proved a certain inferiority of the intra-articular techniques as compared to the other surgical procedures \[[@r7]\]. Despite these limitations, intra-articular techniques (in particular over-the-top) are the ones that that mimic the normal ligament anatomy as closely as possible \[[@r16], [@r18]\]. Recently, in human medicine, intra-articular techniques using synthetic materials are attracting more and more attentions by researchers and clinicians \[[@r2], [@r5], [@r12], [@r20], [@r24]\].

Extra-articular techniques tend to stabilize the stifle through the application of synthetic sutures or through the modification of the anatomical relationships between bone and ligaments, externally to the joint \[[@r26]\]. Recently, the interest about the extra-articular techniques has risen, with particular attention to the insertion points of the synthetic implant \[[@r8]\].

In 1993 Slocum had proposed a new surgical approach called TPLO (Tibial Plateau Leveling Osteotomy); since then, numerous studies have shown that it yields good clinical results \[[@r25], [@r27]\]. Montavon *et al.* developed another technique called TTA (Tibial Tuberosity Advancement): it represents a simpler but similar effective surgical approach as compared to TPLO \[[@r3], [@r17]\].

The CCL originates from the two points that are nearly isometric through the entire articular range of motion, which is not achieved by the classic extracapsular techniques; this anisometry causes an excessive mechanical stress of the synthetic ligament and its subsequent rupture \[[@r21], [@r26]\].

The purpose of this *ex-vivo* study was to evaluate the feasibility of a modified *over-the-top* procedure using an artificial ligament and two modified screws fixed to the bone holes by the interposition of helicoils in a position as isometric as possible.

This cadaveric study is part of a wider research project on the proposed surgical procedure, involving sequential execution of biomechanical, cadaveric, and clinical studies. Prior to this cadaveric study, biomechanical studies were carried out by the same research group demonstrating the mechanical strength of the implant inserted into the canine bone (by applying a variable cyclic load from 20 to 500 N with a frequency of 10 Hz, with no implant failure found after 10,700,000 cycles). The results were verified by means of a computerized three-dimensional model: the assessment of the forces exerted on the bone and the effects of helicoil interposition on the stress distribution (by applying a load of 500 N) showed that the helicoil interposition significantly improved the implant mechanical behavior, promoting a better distribution of the forces and a reduction of about 35% of the maximum tensile stress (from 5.5 MPa in a configuration without helicoil, to 3.6 MPa in a configuration with helicoil) \[[@r23]\].

MATERIALS AND METHODS {#s1}
=====================

Twenty-four hind-limbs of twelve cadaveric dogs free from stifle pathologies, weighing between 26 and 45 kg, were surgically prepared. Only stable stifle joints with normal range of motion were included in the study.

The implant was composed of two stainless steel helicoils (AISI 304), M8 × 1.25 × 16 mm, two modified stainless-steel screws (AISI 316), M 8 × 1.25 × 20 mm, an artificial ligament made in braided polyester fiber with a diameter of 3 mm. The special instrumentation was composed of a threaded mandrel with hook, a pre-winder, an extractor, a guided tapper, a socket wrench, a hex key, an open-end wrench, and drill bits of several sizes (6, 7 and 8 mm) ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.From left to right: (a) helicoil and tibial screw; (b) helicoil, femoral screw, piston, and push screw; (c) modified pre-winder with ratchet, threaded mandrel, guided tape, hex key, socket wrench, extractor, open end wrench.). The implant and the instrumentation were prototypes.

A cranio-lateral approach to the stifle joint was performed. The patella was medially luxated and the joint was observed to confirm the absence of visible pathologies; two Gelpi retractors allowed the exposition of the tibial insertion site of the CCL. The CCL was entirely removed with a scalpel blade and the joint was rinsed with saline solution to eliminate debris. A bone hole was made in the tibia, by placing the drill bit in the center of the insertion area of the CCL, parallel to the tibial crest. Starting with the 6 mm drill bit, the hole was progressively reamed to a diameter of 8 mm. The hole was tapped with a guided tapper; the helicoil was inserted with a modified pre-winder and screwed until the last spire reached a depth of 2--3 mm under the cartilage surface of the tibial condyle ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Tibial phase of the surgery: (a) execution of the tibial bone hole: the drill bit is placed in the center of the insertion area of the CCL, in parallel to the tibial crest; (b) after tapping the tibial hole with a guided tapper, the helicoil is inserted with a modified pre-winder and screwed until the last spire reached a depth of 2--3 mm under the cartilage surface of the tibial condyle (arrow).). The artificial ligament was passed through the tibial screw, fixed at the distal end with a knot, and the complex was screwed inside the tibial helicoil ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Tibial phase of the surgery: (a) the artificial ligament is passed through the tibial screw, fixed at the distal end with a knot; (b) the complex is screwed inside the tibial helicoil.). A tunnel was made along the latero-medial direction in the distal end of the femur, few millimeters over the proximal end of the femoral trochlear ridges, perpendicularly to the longitudinal axis of the femur, starting with a 6 mm drill bit and progressively reaming to 8 mm. After tapping, the helicoil and the femoral screw were inserted; in this case, the last spire of the helicoil was seated at the same level of the femoral lateral cortex ([Fig. 4](#fig_004){ref-type="fig"}Fig. 4.Femoral phase of the surgery: (a) execution of the femoral bone tunnel in lateromedial direction, few millimeters over the proximal end of the trochlear ridges and perpendicularly to the longitudinal axis of the femur; (b) tapping of the femoral hole with the guided tape; (c) insertion of the helicoil with the pre-winder mounted on the threaded mandrel; (d) the artificial ligament passed "over the top".).

The cancellous bone obtained from the drilled holes, in an eventual *in-vivo* execution, could be placed in a sponge moistened with saline solution and used as autograft for the medial portion of the femoral tunnel to fill the space not occupied by the screw at the end of surgery. The artificial ligament was passed through the joint along the cranio-caudal direction and through the intercondyloid area using a Klemmer forceps, as described in the technique "over-the-top" \[[@r26]\]. The fiber was then inserted in the eyelet of the femoral screw. The patella was reduced inside the trochlea and the limb was stretched out and aligned. The artificial ligament was tensioned to neutralize the cranial drawer motion and was maintained in place temporarily by the Klemmer forceps. The fiber was anchored in the femoral screw eyelet, by the screw-fiber fixing system, tightening the push screw inside the femoral bolt with the hex key, and entering from the medial hole of the femoral tunnel ([Fig. 5](#fig_005){ref-type="fig"}Fig. 5.Femoral phase of the surgery: (a) insertion of the artificial ligament in the eyelet of the femoral screw; (b) temporary fixation of the artificial ligament after tensioning; (c) definitive fixation of the artificial ligament in the eyelet by the internal screw-fiber fixing system, using the hex key and the socked wrench from the medial hole of the femoral tunnel; (d) surgical appearance before closing.). In the last passage, the hex key was used in synergy with the socket wrench and the open-end wrench as antirotational tool. The stifle joint was rinsed with saline solution, subcutaneous tissues and skin reapposed with an absorbable braided suture 2/0 (Polyglactin 910) and a non-absorbable suture 3/0 (Nylon), respectively. Cranial drawer sign, cranial tibial thrust, and the articular range of motion were evaluated. A medio-lateral and a caudo-cranial radiograph were performed to verify the position of the implant.

RESULTS {#s2}
=======

The cranio-lateral approach to the stifle joint is a well-known technique; the application of two Gelpi retractors allowed an excellent exposure of the tibial insertion of the CCL. Special surgical instruments, though still prototypes, were adequate to accomplish surgery in canine cadavers ([Fig. 1](#fig_001){ref-type="fig"}). The tibial hole as a result was always well placed. The pilot nose of the tap aided in maintaining it well aligned during the tapping. The insertion of the helicoil was simple. In the last screwing phase, the pre-winder was extracted for a better evaluation of the helicoil depth. The correct helicoil depth in the tibia was reached using the sole threaded mandrel ([Fig. 2](#fig_002){ref-type="fig"}). In 4 cases out of 24 (16.7%), at the tibial point during the insertion of the helicoil with the sole threaded mandrel, there was a certain difficulty to link the hook of the mandrel with the opposite groove placed at the end of the helicoil spire. The problem was resolved extracting the helicoil of few millimeters with the extractor and rinsing the hole to eliminate debris. No difficulties were found during the insertion of the screw-ligament complex into the tibial helicoil ([Fig. 3](#fig_003){ref-type="fig"}). At the femoral tunnel, there was no problem faced during the insertion of the helicoil or the screw ([Fig. 4](#fig_004){ref-type="fig"}).

In the first 5 cases (20.8%), there were some difficulties during the insertion of the socket wrench on the screw head. The difficulties were due to an excessive ventral inclination of the tunnel that prevented an easy access to the medial entrance of the femoral tunnel, and to the presence of a certain amount of debris around the screw head. In these cases, the problem was resolved by copious lavages with sodium chloride solution to eliminate debris and giving more attention during the alignment of the femoral tunnel. The screw-fiber fixing system allowed obtaining a firm fixation of the fiber into the eyelet of the femoral screw in all cases ([Fig. 5](#fig_005){ref-type="fig"}). In all the cases, the post-operative evaluations showed negative cranial drawer test and negative cranial tibial thrust with a normal articular range of motion and correct alignment of the limb. All the post-operative radiographs showed an acceptable insertion of the implants ([Fig. 6](#fig_006){ref-type="fig"}Fig. 6.Post-operative radiographic assessment: (a) mediolateral projection, (b) caudocranial projection.).

DISCUSSION {#s3}
==========

In this study, we chose an intra-articular technique because our aim was to restore the biomechanics of the knee similar to the normal CCL \[[@r16], [@r18]\]. The use of a prosthetic ligament would allow an earlier mechanical load as compared to the biological autograft or allograft. However, to obtain this type of stabilization it was necessary to solve some mechanical problems, well known in the human surgery, the most important being the method of fixation of the artificial ligament, particularly at the tibial site, that is considered the weakest link of the entire implant \[[@r8], [@r13],[@r14],[@r15], [@r22], [@r28], [@r29]\].

The helicoil is widely used in the mechanical industry. Its elasticity allows a good adaptation of the filet spires to the bone, outside, and to the screw, inside; it leads to a better force distribution on the entire length of the filet and not only on the first 2--3 spires, as confirmed in a previous work performed by the same research team \[[@r23]\]. In particular, Rossi and Omini analyzed the forces acting on the cranial cruciate ligament during the stance phase of the trot and the mechanical properties of canine tibial cancellous bone. Afterwards, they built a three-dimensional finite element model of the tibial implant, using software ABAQUS standard, evaluating the mechanical behavior with and without the helicoil. They finally tested the implant inserted into the tibial bone under a cyclic load, demonstrating its high mechanical strength \[[@r23]\].

In the project phase of the implant, one of the principal doubts was the mechanical strength of the bone (in particular, the femur) during drilling with drill bits of large diameter; during the study, fracture did not occur in either the femur or the tibia. The use of a starting drill bit of small diameter and the subsequent reaming to larger drill bits is a very effective technique that permits to limit the risk of iatrogenic fracture, to obtain an excellent alignment, and to limit errors during drilling. In an *in vivo* application, the bones are subjected to load; so, the hazard of fracture remains, but, we have to consider that the hole is filled by the body of the screw, limiting the dead space, and raising the points of least resistance. The option to fill with cancellous bone the portion of the femoral tunnel not occupied by the screw could contribute to a faster calcification and a higher resistance of the bone during the *in vivo* application.

In this cadaveric study, due to just one implant size, dogs of medium and large size were solely included. It would not be difficult to produce implants in various sizes, potentially allowing the application in smaller size dogs.

The purpose of this study was to show a new surgical procedure to fix an artificial ligament to the bone. By the results of this cadaveric study, we can assert that the surgical procedure is sufficiently easy to be applied in clinical cases of rupture of the CCL in dogs. Moreover, no major complications occurred during the surgery. The authors can speculate that the fundamentals of this idea, the materials and the technique, could also be applied in other orthopedic pathologies in veterinary and human surgeries.

Although first preclinical studies were encouraging, further tests are necessary before applying *in vivo* this surgical procedure and clinically comparing its efficacy with the other techniques. Further studies need to be performed to define the exact mechanical strength of the whole implant, the effects of the forces involved on the bone tissue surrounding the helicoil, and the osteointegration ability of the implant.
